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Abstract
A general decomposition of the amplitudes for the 2! 2 processes  ! 
and  !  is obtained using gauge invariance and Bose symmetry. The
restrictions implied by this decomposition are investigated for the reaction
 !  by computing the one-loop helicity amplitudes in the standard
model. In the center of mass, where
p
s = 2!, the cross section grows roughly
as !
6












Investigations of the astrophysical importance of the 2! 2 processes  ! ,  ! 
and  !  have a long history. These reactions have been examined using the four-Fermi
interaction [1], charged vector boson theories [2,3], the standard model [4,5] and model-
independent parameterizations [6]. Because of the vector-axial vector nature of the weak
coupling, the cross sections are much smaller than a simple counting of powers of the weak
coupling, G
F
, and the ne structure constant, , in the diagrams of Fig. 1 would suggest







[8], and are known





when ! < m
e
[3,5]. This is due to the fact that the scale of the loop
integrals for the diagrams in Fig. 1 is set by theW -boson mass, m
W
, rather than the electron
mass. As a consequence, for center of mass energies 2! between 1 keV and 1 MeV, the cross
sections for 2! 3 processes such as  !  are larger than the 2! 2 cross sections [9].
Although of little practical importance in stellar processes where the energy scale is
<

1 MeV, the 2 ! 2 processes could be important in very high energy reactions such as
 !  [10], particularly if the !
6
behavior persists for ! > m
e
. The next Section
contains the development of a general decomposition of the elastic amplitude A(s; t; u) for
 ! . In Section III, we apply this decomposition to the crossed channel  !  and
obtain numerical results for the complete one-loop helicity amplitudes. This is followed by
a discussion of our results.
II. GENERAL DECOMPOSITION OF THE  ELASTIC AMPLITUDE
The amplitude for the process  !  can be expressed as































. Construction of these tensors is









































) = 0 : (4)






























will result in non{vanishing contributions.






















































































































































vectors in Eq. (6), and the second rank tensors in Eqs. (7-9). In doing so, it should be noted




























































































(10)  (12) = 2(11) : (13)
As a consequence, the tensors of Eq. (8) can be omitted when constructing a complete set
of gauge invariant third rank tensors.
The requirement of Bose symmetry can easily be included if one constructs gauge in-












under these exchanges. It is possible to construct four
linearly independent, gauge invariant third rank tensors with denite symmetry under the
















































































































































































It can be seen that T
(1)












To obtain tensors which correspond to the vector{axial vector interference terms, one
can use a set of independent momenta together with "

to form gauge invariant tensors
with denite symmetry under the exchange of the photons. When this is done, one nds





































































































= 0 ; (20)











Eq. (1) can always be rewritten so that it is contracted with "


























then enables us to express any tensor containing an "

as a sum of scalar products. These
are simply combinations of the T
(i)


































; i = 1;    ; 4 , are sucient to parameterize the   elastic amplitude.
The tensor M

























where Bose symmetry requires
M
1
(s; t; u) =M
1
(u; t; s) ; (25)
M
j
(s; t; u) =  M
j
(u; t; s); j = 2; 3; 4 : (26)































































































where  is the angle between the incoming and outgoing neutrinos, 
1
is the helicity of
the initial photon, 
2
is the helicity of the nal photon and it is unnecessary to specify
the neutrino helicities since they have a denite handedness. Notice that the rst, third





second is antisymmetric under this exchange. Since time reversal invariance implies that
the amplitude should be symmetric under the exchange of initial and nal helicities, the
second amplitude is T-violating. There are thus three helicity amplitudes if we require time
reversal symmetry. This is consistent with simple helicity counting arguments.
III. THE CHANNEL  ! 


























































































































































































































































(t; s; u) =M
1
(u; s; t) ; (37)
M
j
(t; s; u) =  M
j
(u; s; t); j = 2; 3; 4 : (38)





















































































































) and  is the angle between photon 1, which is in the z




























(s; z) = sin  [ 2stM
1
(t; s; u)  4tuM
4




(s; z) = sin  [2suM
1
(t; s; u)  4tuM
4

















where we have assumed time reversal symmetry and omitted M
2
(t; s; u). From Eqs. (43)








(s; z). Moreover, since t =  
1
2






















To explore these general results, we calculated the standard model diagrams of Fig. 1
using a nonlinear R

gauge such that the coupling between the photon, the W -boson and
the Goldstone boson vanishes [12,13,5]. These diagrams can be decomposed in terms of
scalar two-point, three-point and four-point functions, which are expressible in terms of
dilogarithms [14]. The expressions for the helicity amplitudes in terms of dilogarithms were
evaluated numerically and the results checked against FORTRAN codes developed for one-





is the lepton mass,








) from individual diagrams actually
cancels.
The results for the helicity amplitudes are shown in Figs.(2) and (3), where the cross
sections for various helicities are plotted for
p
s = 20GeV and
p




















These gures clearly illustrate the symmetries of Eqs. (47) and (48), particularly the van-


























and is plotted in Fig. (4). This gure illustrates the roughly s
3
behavior of the total cross
section up to the threshold for W pair production. Also shown in dashes is the helicity
non-ip contribution to the cross section, which can be seen to be much smaller than the
helicity ip contribution. This feature does not appear to be related to any symmetry, but
it is reminiscent of the low energy case, where the non-ip amplitudes vanish [5].
IV. DISCUSSION AND CONCLUSIONS
As mentioned in the Introduction, the low energy 2! 2 photon-neutrino cross sections
are much smaller than the corresponding 2 ! 3 cross sections for center of mass energies
between 1 keV and 1 MeV. Recently, the 2 ! 3 cross sections have been computed for a
range of center of mass energies from well below 2m
e
, where the cross sections vary as !
10
,
to well above 2m
e




<< ! << m
W
, the only scale in the




. From dimensional considerations, the center of





in this range of energy. Explicitly, it is found that

!












For the 2! 2 process  ! , we expect an !
6



















s  20GeV. Thus, for suciently
high energies, the 2! 2 process dominates the 2! 3 process.
To assess the importance of very high energy photon-neutrino interactions in processes
of interest in cosmology, consider the scattering of high energy neutrinos from the cosmic
neutrino background. This process has recently been studied by assuming that the neutrino
collision produces a Z at resonance whose decay chain contains photons and protons which
could account for the ux of > 10
20
eV cosmic rays [10]. For the processes considered here,
the  collision would directly produce high energy photons. The cross section for  ! 
can be obtained from Eq. (52) by supplying a factor of 2. Assuming the relic neutrinos have



































is the relic neutrino density. If this is multiplied by t
0
,













































s = 3:5TeV. Even if there were sources of such high energy neutrinos (which seems
unlikely), this is well above the region for which the s
3











together with Fig. (4) show that 
!
is not large enough
for any value of s to attenuate a high energy neutrino ux given the present values of n

and the age of the universe.
The temperature at which the reaction  !  ceases to occur can be determined from


































their energies, j~vj is




j~vj, the relationship between

















, Eq. (57) gives

!















=2) fb : (58)





















where (x) is the Riemann zeta function. The interaction rate R
!
can be obtained by
dividing 
!

























for at least one interaction, R
!
t  1 gives T  1:6GeV, which is within the region of
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FIGURES




. For each of (a), (b), (c) there is also a diagram
with the photons interchanged.
FIG. 2. The helicity dependent dierential cross sections for  !  are shown for
p
s = 20
GeV. The solid line is d
+ 
=dz, the dashed line is d
 +




FIG. 3. Same as Fig. (2) with
p
s = 200GeV.
FIG. 4. The solid line is the total cross section 
!
and the dashed line is the contribution
from the helicity non-ip amplitudes.
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